Abstract-In this study, a new slot embedded microstrip antenna for dual-band dual-polarization operation is proposed. The antenna comprises a single layer structure with a square radiating patch where the feed port is located along a diagonal line of the patch. Two narrow slots parallel and close to the radiating edges of the patch are loaded on the patch. Patch without slots is resonated for X-band and another resonant frequency at Ku-band is obtained by loading the slots. Moreover, the loading of slots helps to produce two orthogonal modes of equal amplitudes at X-band. Furthermore, the feed port along the diagonal line of the square patch makes it possible to radiate different polarization at the two bands. The antenna can radiate circular and linear polarization at X-and Ku-band, respectively. Current distributions of the antenna at both bands are observed to explain the behavior of the antenna and confirm the polarization characteristics at X-and Ku-band. A 3-dB axial ratio bandwidth of 1.35% is achieved. Measured gains of 6.60 dBic and 5.80 dBi with good radiation performances are achieved at X-and Ku-band, respectively. Moreover, good measured cross-polarization levels of 27.6 dB at Xband and 15.6 dB at Ku-band are obtained. The measured performances of the fabricated antenna are consistent with simulated results.
INTRODUCTION
Due to the rapid progress of wireless and satellite communication systems, multi-band antennas are very attractive for various communication applications. Furthermore, multi-band microstrip antennas with polarization diversity capability offer the advantages of low profile, low cost, and multi-use capability in different applications. Different techniques and geometries of multi-band antennas have been proposed in the last several years to produce either the same polarization or different polarizations in the frequency bands. One of the main techniques to design dual-band antennas is by inserting slots on the patch; for example, two narrow and parallel slots can be inserted near to the radiating edges of a rectangular patch [1, 2] . A bow-tie microstrip antenna for dual-band operation has been demonstrated in [3] . A pair of narrow slots is embedded close to the radiating edges to achieve dual-frequency operation. Moreover, a pair of step-slots [4] or a pair of properly-bent narrow slots [5] embedded near the non-radiating edges of a rectangular microstrip patch have also been reported. Another dual-band antenna applying two arc-shaped slots integrated close to the edge of the circular microstrip patch has been studied in [6] . These antennas exhibit linear polarization (LP) at both bands. In [7, 8] , dual-band circular polarization (CP) antennas have been demonstrated. A slot-loaded square patch with two feeding points has been used in [7] , wherein four equal shaped slots are loaded close to the edges of the patch. A small circular patch surrounded by two concentric annular-rings that are loaded by an unequal lateral cross-slot ground plane has been presented for dual-band CP operation [8] . A CP antenna using metamaterial for WiMAX applications has been presented in [9] , wherein two split ring resonators (SRR) are implemented to realize CP. The SRR structure changes the current path on the antenna to create a loop. Therefore, this structure works in a single band with CP radiation. However, the slot-loaded antennas mentioned in [1] [2] [3] [4] [5] [6] [7] [8] act as dual-band antennas because the loaded pair of slots introduces another higher order resonant frequency and modifies the current distribution on the band to obtain a radiation pattern similar to the lower resonant frequency [1] . In [10] , an aperture coupled square microstrip patch with a dual-band polarization reconfigurable capability has been described for wireless local area network (WLAN) systems. The frequency ratio of this antenna is adjusted by inserting four shorting posts into the patch and polarization switching among horizontal, vertical, and 45 • LP is realized by changing the states of the PIN diodes connected between the center of each edge of the patch and ground. Another dual-band dual-polarization capacitive-fed circular patch antenna operated at 1.575 and 2.4 GHz has been presented in [11] , wherein a 90 • hybrid coupler chip is used to produce CP at 1.575 GHz and a pair of arc-shaped slots is embedded in the patch to radiate LP at 2.4 GHz. A dual-layer dual-band dual-LP reflectarray antenna using a cross dipole, modified phoenix loop, and square patch has been demonstrated in [12] for Ka-and W-band operation. A planar triple-strip monopole antenna [13] and a CPW-fed inverted-annular shaped antenna [14] have been presented for dual-band dual circular polarization operation.
In this study, a new dual-band dual-polarization microstrip patch antenna for X-and Ku-band applications is proposed. Moreover, this dual-band antenna can be modified to be assigned to global positioning system (GPS) and Wi-Fi applications because CP is vital for GPS antenna to obtain optimal performance, and an LP antenna is enough to support the Wi-Fi communication. Following the basic concept of [1, 2] , two narrow and parallel slots are loaded on an X-band patch so that the proposed antenna can simultaneously operate at X-and Ku-band. CP at X-band and LP at Ku-band are achieved by placing the feed port along a diagonal line of the patch. The performances of the antenna are experimentally confirmed, and the design of the antenna along with measured and simulated results is discussed in the subsequent sections. Figure 1 illustrates the design of the proposed antenna. The square patch of length L is designed on a Teflon substrate whose permittivity and thickness are ε r and h, respectively. Two narrow and parallel slots with equal length S l and width S w are incorporated near the radiating edges of the patch. The horizontal and vertical distances of the each slot from the edges of the patch are w and g, respectively. The feed port is placed along a diagonal line of the patch and the feed port position is (x f , y f ) with respect to the center point O of the patch. The concept of the proposed antenna has been adapted from the antenna presented in [1, 2] . By comparing both structures, it is noticed that the patch geometry and the feed location of the proposed antenna are altered to obtain dual-band dual-polarization characteristics. A square patch is used in the proposed antenna instead of a rectangular patch used in [1, 2] . Moreover, the feed position is set along a diagonal line of the patch, whereas the feed port in the previous work was along the center line of the patch. Figures 2 and 3 show the effect of changing slot length S l on the S 11 and axial ratio (AR) of the proposed antenna. The unslotted patch is designed for X-band. The size of the slots needs to be adjusted to obtain optimum performance at both frequency bands. In X-band, the slots help to radiate CP, but they do not have any effect on the designed frequency of the patch because the narrow slots loaded near to the radiating patch edges are at a position where the patch current is a minimum. The size of the two parallel slots should be attuned properly to produce two orthogonal modes so that the sense of polarization can be CP, as shown in Fig. 3 . In addition, Fig. 2 shows that the loading of the slots on the patch has a very small impact on the resonant frequency at X-band. In contrast, the Figure 2 . Effect of the slot length S l on the S 11 of the antenna. 10.0 9.9 9.8 9.7 9.6 9.5 9.4 9.3 9. loading of slots introduces another resonant frequency at Ku-band where the polarization sense is LP. The length of the slots S l has an impact in introducing this resonant frequency. In addition, a higher order undesired mode causes another resonant frequency at the Ku-band.
ANTENNA CONFIGURATION
Figures 4 and 5 illustrate the effect of the variation of slot width S w on the S 11 and AR of the antenna. According to the figures, the slot width S w has no effect on the resonant frequency at two bands. Though the slot width S w does not affect the resonant frequencies, the slot width S w should be adjusted to obtain minimum AR at X-band. Therefore, an optimum slot size must be determined to achieve the optimal performances from the antenna at both bands. Figure 5 . Effect of the slot width S w on the axial ratio of the antenna. Figure 6 shows the simulated current distribution of the proposed antenna for different polarizations at different phases. For the surface current shown in Fig. 6(a) , the embedded slots do not affect the current at 9.56 GHz, and the field rotation is in a clockwise direction. Consequently, the polarization sense in this band is left-handed CP (LHCP). In contrast, at 14.46 GHz, the maximum current is accumulated around the slots. Therefore, these slots introduce another resonant frequency in this band. As the slots provide a shorter horizontal electrical current path than that of the vertical path, LP is radiated. Figure 7 shows the top and bottom views of the fabricated antenna. The antenna is etched on a 0.8-mm thick Teflon substrate with a permittivity of 2.15. The dimension of the ground plane of the antenna is 28.8 mm × 28.8 mm. The various dimensions of the fabricated antenna are as follows: L = 9.6 mm, S l = 8.2 mm, S w = 0.2 mm, g = 0.7 mm, w = 0.2 mm, and x f = y f = 1.5 mm. Initially the antenna has been designed and simulated using Momentum of Keysight Technologies' Advanced Design System (ADS) and after that the performances has been validated using FEM of EMPro. The performances of the fabricated antenna have been investigated by using a HP8510C network analyzer. The measured 10-dB impedance bandwidths of the antenna at X-and Ku-band are 5.17% and 1.15%, respectively. The measured and simulated results show almost similar reflection coefficients with a slight frequency shift in the measured result at Ku-band. As shown in Fig. 2 , the slot length affects the resonant frequency. Therefore, this frequency shift is caused by the slot length imperfection that occured during fabrication. Moreover, simulation imperfection can be another reason for this mismatch because a frequency shift is also observed in the comparison between ADS and EMPro simulation results. Figure 10 shows the measured and simulated radiation performances of the antenna at 9.64 GHz for both x-z and y-z planes. The measured and simulated gains of the antenna are around 6.60 dBic and 8 dBic, respectively. At both planes, the gains of the antenna are almost same. Figure 11 illustrates the CP radiation performance of the antenna at 9.64 GHz for the x-z plane. The proposed antenna radiates LHCP, and the measured cross-polarization CP component is below −27.6 dB that indicates good CP performance of the antenna at X-band. As the simulated AR is minimum at 9.56 GHz, the measured and simulated CP radiation performances are plotted in this graph at each frequency of its minimum AR value for good understanding. Figures 12 and 13 present the radiation performance of the antenna at Ku-band for x-z and y-z planes, respectively. In this frequency band, the antenna radiates LP. The measured gain of the antenna at Ku-band is about 5.80 dBi for both planes, whereas simulated gain is around 3.90 dBi. Although a good impedance matching is obtained at 14.75 GHz, the simulated S 11 is above −10 dB at the same frequency as shown in Fig. 8 . This might be the main reason for the discrepancy between the measured and simulated gains. The cross-polarization level is better than 13.7 and 15.6 dB at the x-z and y-z planes, respectively. Table 1 presents a comparison between the proposed antenna and previously reported slotembedded dual-band antennas. Most of the antennas related to slot-loaded dual-band antennas without using any active and/or passive devices radiate the same polarization in the both bands. The antennas compared with this work in Table 1 are linearly polarized in both bands. Besides, the antenna reported in [7] radiates CP in the two bands by embedding four slots and two feed ports. There is no slot-loaded antenna without integrating active and/or passive devices where the two resonant frequencies have different polarizations. In contrast, the antenna proposed in this study shows distinct polarization in the two different bands.
ANTENNA PERFORMANCES
Finally, the proposed dual-band antenna is compared with a conventional X-band CP antenna and a Ku-band LP antenna. For proper comparison, a Ku-band LP square patch antenna with a center frequency of 14.75 GHz is designed. Besides, an X-band perturbed type CP antenna is designed to have a minimum AR at 9.63 GHz. The impedance bandwidths of the X-band CP antenna and Ku-band LP antenna are 5.5% and 4.75% whereas a 3-dB AR bandwidth of 1.45% is achieved at X-band. The gains of these antennas are around 7.06 dBic at 9.63 GHz and 7 dBi at 14.75 GHz. The proposed antenna has similar performances at X-band to the conventional X-band CP antenna. However, the antenna performances are worse than the conventional Ku-band LP antenna because the proposed antenna is originally an X-band antenna that is optimized to radiate at Ku-band by loading a pair of slots. Thus, these slots change the current distribution that is not similar to that of conventional Ku-band LP antenna. Therefore, the performances of the proposed antenna at Ku-band are deteriorated than a conventional antenna.
CONCLUSION
A square microstrip patch antenna geometry comprising two parallel and narrow slots close to the radiating edges on the patch has been demonstrated to produce dual-polarization at two different frequency bands. Two different polarizations are achieved by placing the feed position along the diagonal line of the patch. CP and LP radiation can be obtained using this antenna at X-and Ku-bands, respectively. The performances of the antenna are verified and demonstrated using measurement, and good performances are found at both frequency bands.
